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Abstract 
Background: Diesel exhaust fumes represent one of the most common toxic pollutants. The prolong effects of the acute exposure to this pollutant on inflammatory status and vascular properties are unknown.
Methods: During a 2-hour session, 40 healthy subjects were exposed to diesel exhaust fumes and/or filtered air. Endothelial function was assessed with flow mediated dilation (FMD), arterial stiffness with pulse wave velocity (PWV) and reflected waves with augmentation index (AIx). C reactive protein (CRP), fibrinogen, protein C levels and protein S activity were also measured. Standard deviation of normal to normal R-R intervals (SDNN) was used to asses heart rate variability. Measurements were assessed before, 2 and 24 hours after diesel exposure. 
Results: Compared to filtered air, exposure to diesel exhaust fumes decreased FMD and increased PWV and AIx up to 24 hours after the exposure (p<0.001 for all). Similarly, compared to filtered air, diesel exhaust exposure impaired SDNN during the 24-hour study period (p=0.007). CRP and fibrinogen levels were significantly increased after diesel exhaust exposure while protein C levels and protein S activity decreased (p<0.01 for all). Exposure to diesel exhaust fumes resulted in higher CRP concentration in smokers compared with non-smokers (p<0.001).
Conclusion: Short-term exposure to diesel exhaust fumes has a prolonged adverse impact on endothelial function and vascular wall properties, along with impaired heart rate variability, abnormal fibrinolytic activity and increased markers of inflammation. These findings give insights into the mechanisms underlining the increased cardiovascular risk of subjects regularly exposed to diesel exhaust fumes.
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Diesel and its products represent one of the most common pollutants affecting people living in urban and rural areas of the world.1 The majority of patients attending emergency departments are likely to have been subjected to chronic exposure to diesel engine exhaust fumes particularly those living in proximity to busy city roads and highways. Diesel exhaust fumes are considered to contribute to over 50% of atmospheric particles with a mass of less than 10 μM (PM10) average aerodynamic diameter, which is responsible for air pollution. For fine particle matter lower than 2.5 μM (PM2.5) and extremely small particles below 0.1 μM in diameter, the contribution to air pollution is much greater. ADDIN EN.CITE 2 These particles are small enough to be inhaled and deposited in the lungs where they can exert deleterious effects. ADDIN EN.CITE 3, 4
In Europe and Japan, epidemiological studies have demonstrated high rates of cardiovascular morbidity, as well as acute and chronic respiratory disease, following occupational exposure to diesel exhaust fumes. ADDIN EN.CITE 5, 6 Experimental animal studies have also shown that exposure to diluted diesel engine emission impairs left ventricle systolic performance, sympathetic drive, fibrosis/fibrinolysis and accelerates atherosclerosis. ADDIN EN.CITE 7, 8 Epidemiological studies and experimental animal models are, however, rather imprecise regarding the mechanisms responsible for these effects and the clinical impact of chronic diesel exhaust fumes exposure. Furthermore, there is lack of data on the pattern of exposure to diesel exhaust fumes that may be associated with cardiovascular morbidity raising questions whether only long-term exposure or even repeated short term exposures may cause a prolong impact in the atherosclerotic potential. Therefore, although a relationship has been documented between acute coronary syndromes (ACS) and acute exposure to diesel engine exhaust fumes, ADDIN EN.CITE 9 it is not known whether relatively short-term exposure can cause prolonged inflammatory responses and/or affect endothelial function and vessel wall properties in such a way as to potentially promote the development of chronic atherosclerotic changes. 
The purpose of this study is to assess the impact of short-term exposure to Diesel exhaust fumes on arterial elasticity, vascular function and inflammatory biomarkers. 
Methods
Study population 
Forty healthy volunteers, inhabitants of the city center of Athens, Greece, were included in this randomized, crossover study (Supplementary Figure 1). The inclusion and exclusion criterial are described in detail in the supplement.
The study was performed following approval by the local research ethics committee, in accordance with the Declaration of Helsinki. All volunteers received a detailed explanation of the study protocol and signed written, informed consent as appropriate.
Study Design 
In this randomized, crossover study, to avoid experimental bias, both the participants and the researchers were unaware of the exposure sequence.  All subjects were randomized in a 1:1 ratio to be exposed to air or pollutants in two sessions which took place 4 weeks apart between 8.00 and 10.00 a.m. in an ad hoc laboratory at Athens, Greece. In each session, the subjects underwent a 2-hour exposure period to controlled amounts of diesel exhaust fumes or filtered air. In each session, measurements of markers of vascular function (flow mediated dilation, pulse wave velocity and augmentation index), heart rate variability (HRV) and blood tests depicting the inflammatory and fibrinolytic profile were carried out.  These measurements were performed at baseline (before exposure-T0), at the end of the 2-hour session (T2) and 24 hours after the end of exposure (T24) (Supplementary Figure 1). 
Measurements in each women participating in the study were performed at the same phase of the menstrual cycle (late luteal phase). The participants refrained from drinking alcohol or caffeinated fluids and using medications containing caffeine, or smoking. All volunteers were assessed after having been in the fasting state for at least 8 h. Participants were instructed to avoid changes in diet and physical activity habits during the study period.
 Diesel exhaust and filtered air exposure
Volunteer exposure to diesel exhaust fumes was carried out on a specially designed 30m2 room which was hermetically sealed. The diesel exhaust fumes were produced by a diesel engine (2500 cc and 100-150HP) and dispensed through a pipe system into the exposure room. The exact description of the methods used for exposure to diesel exhaust and filtered air are described in the supplement.
Vascular measurements
Endothelial function evaluation
Using non-invasive methods, we evaluated endothelial function by estimating flow mediated dilation (FMD), we also measured carotid-femoral pulse wave velocity (PWV) as an index of aortic stiffness and augmentation index (AIx) of the central (aortic) pressure waveform, The exact description of the methods used can be found in the supplement.
Assessment of heart rate variability 
Low HRV may be attributed to increased sympathetic tone and has been found to be associated with increased cardiovascular morbidity and mortality. ADDIN EN.CITE 10 HRV was assessed by continuous electrocardiographic study (ECG) which was recorded for 20 minutes by a Holter device. ECG data were then transferred onto a computer for assessment of HRV, which was performed in accordance with current international guidelines,11 and the mean standard deviation of normal to normal intervals (SDNN) for all 5-minutes segments was also measured. (Holter software, Synescope, version 3.1, ELA Medical, France). ADDIN EN.CITE 12
Fibrinolysis and inflammation markers 
A fasting venous blood sample was collected by venipuncture at baseline (before exposure-T0), at the end of the 2 hours session (T2) and 24 hours after the end of exposure (T24). Venous blood samples were centrifuged at 3000 rpm and serum was collected and stored at -80 C until assayed.
The prothrombotic status was assessed by measuring levels of fibrinogen using the Multifibren® U system. Fibrinolytic activity was assessed with measurements of protein C plasma levels and protein S activity, which were measured by the STA® - Staclot® Protein C kit and HemosIL™ Protein S Activity kits, respectively. Furthermore, changes from baseline in the inflammatory profile induced by diesel exhaust fumes was studied by measuring serum C-reactive protein (CRP) using the Architect Abbott device.
 Statistical analysis
The exact description of the statistical methods applied is described in the supplemental material.
Results
The average age of the participants was 41±13 years and 25 of them were males. Fifteen subjects were active smokers. Descriptive characteristics of the study population are summarized in (supplementary Table 1).
Impact of diesel exhaust fumes on vascular and hemodynamic parameters
At baseline (T0), there was no difference in vascular (FMD, p=0.70; EID, p=0.98; PWV, p=0.37 and Aix, p=0.72) and hemodynamic (SBP, p= 0.16 and DBP, p= 0.10) parameters between the two study sessions (diesels exhaust fumes exposure vs. filtered air exposure). 
Exposure to Diesel exhaust fumes decreased FMD and increased PWV and AIx at 2 and 24 hours as compared to baseline (pre-exposure) values (p<0.001); filtered air has no impact on these outcomes at the same time points (Table 1) (Figure 1). In contrast, acute exposure to polluted air was not associated with acute or sustained changes in SBP, DBP and EID, similarly to the observed pattern following the use of filtered air (Table 1, Figure 1). Interestingly, exposure to Diesel exhaust fumes decreased also basal brachial arterial diameter at 2 and 24 hours as compared to baseline (pre-exposure) values (p<0.001) while filtered air has no impact on basal brachial arterial diameter these outcomes at the same time points (Table 1). By linear mixed model analysis, exposure to diesel exhaust fumes over filtered air exposure (interaction) significantly impaired FMD, PWV and Aix in the short T0 vs T2 (p< 0.001 for FMD, p <0.001 for PWV and p <0.001 for Aix) and mid-term T0 vs T24 (p <0.001 for FMD, p <0.001 for PWV and p < 0.001 for Aix) (Table 2). Exposure to polluted air resulted in short term (2 hours post exposure; T0 vs. T2) mean decrease of -4.5% for FMD and mean increase of 1.19 m/sec for PWV and 5.88 % for Aix in respect to filtered air, after taking into account intra-subject variability and the effect of age, gender, smoking, BMI and SBP (Table 2). Respectively, the mid-term (prolonged; T0 vs. T24) mean relative decrease was -5.75 for FMD and the mean increase for PWV was 0.98m/sec and 6.03 % for AIx (Table 2).
Impact of diesel exhaust fumes on heart rate variability and circulating biomarkers 
Low HRV, as expressed by decreased SDNN values has been associated with increased cardiovascular risk. At baseline (T0) there was no difference in SDNN between the two study sessions (diesel exhaust fumes exposure vs. filtered air exposure) (p=0.20). There was also no difference at baseline (T0) in inflammatory markers (CRP, p=0.93) and in fibrinogen levels (Fibrinogen, p=0.10) and in protein C plasma levels (p=0.20) and protein S activity (p=0.17) (Table 1, figure 2). 
Exposure to Diesel exhaust fumes was associated with reduced SDNN (p<0.001), protein C plasma levels (p<0.001) and protein S activity (p<0.001) and with increased both CRP (<0.001) and fibrinogen (p<0.001) levels (Table 1, Figure 2). By linear mixed model analysis, exposure to diesel exhaust fumes over filtered air exposure (interaction) significantly impaired SDNN, CRP, fibrinogen, protein C levels and protein S activity in the short term T0 vs T2 (p = 0.005 for SDNN; p = 0.05 for CRP; p < 0.001 for fibrinogen; p < 0.001 for protein C and p < 0.001 for protein S activity) (Table 2, Figure 2) and mid-term T0 vs. T24 (p = 0.003 for SDNN; p = 0.03 for CRP; p = 0.005 for fibrinogen; p < 0.001 for protein C and p < 0.001 for protein S activity) (Table 2, Figure 2). Acute exposure to polluted air resulted (after taking into account intra-subject variability and the effect of age, gender, smoking and BMI) in short term (2 hours post exposure) mean decrease of 19.9 msec for SDNN and mean increase of 0.42 mg/L for CRP and 60.1 mg/dl for fibrinogen. In short term (2 hours post exposure) mean decrease of protein C levels was 17.4% and the mean decrease of protein S activity was 11.4% after considering the aforementioned confounders. Respectively, the mid-term (prolonged) mean relative decrease in SDNN was 21.2 msec for SDNN, 12.3% for protein C levels and 18.5% for protein S activity while the mid-term mean increase of CRP was 0.47 mg/L and of fibrinogen 46 mg/dl (Table 2, figure 2).

The effect of smoking on acute and prolonged adaptation to diesel exhaust fumes exposure
We did not observe different patterns of changes in vascular (FMD, EID, PWV, AIx) markers, hemodynamic measures (SBP and DBP) and HRV parameters (SDNN) between smokers and non-smokers after exposure to Diesel fumes (supplementary Table 2). Accordingly, alterations in Protein C levels and Protein S activity followed a similar trend in both smokers and non-smokers. In contrast, CRP levels significantly increased after exposure to diesel fumes, both short term (2 hours post exposure) [0.92 95%CI (0.14-1.69) mg/L] and mid-term (24 hours after exposure) [1.14 95%CI (0.36-1.91) mg/L], in smokers as compared to non-smokers (p for interaction <0.001) (supplementary Table 2). 
Discussion
The main finding of the present proof of concept study is that diesel emission has a wide spectrum of effects which can result in impaired both vascular function and fibrinolysis, as well as the development of systemic inflammation. These are effects which have been shown in different studies to favor the development of atherosclerosis. ADDIN EN.CITE 13, 14 Abnormal endothelial function, increased arterial stiffness, impaired heart rate variability, coagulation abnormalities and a pro-inflammatory status triggered by exposure to Diesel fumes can conceivably contribute to atherogenesis and coronary artery disease progression.  In fact, data in the literature indicate that long term exposure to Diesel pollutants increase cardiovascular and cerebrovascular events as well as the risk of death from cardiovascular disease.15
The adverse effects on the cardiovascular system of short-term diesel exhaust fumes exposure in our experiment persisted for at least 24 hours after exposure. This is an effect which can imitate the adverse effects of longer-term exposure to diesel pollutants as reported in studies involving subjects living in urban cities and being affected by fumes emitted by diesel combustion in everyday life. ADDIN EN.CITE 16, 17
The endothelium regulates most aspects of vascular homeostasis and function and chronic endothelial dysfunction is a marker of impaired vascular homeostasis and increased cardiovascular risk. ADDIN EN.CITE 18-20 Endothelial activation and dysfunction are at the heart of atherogenesis. 
Several studies have shown that short term exposure to air pollutants or diesel exhaust products acutely deteriorate endothelial function. ADDIN EN.CITE 21, 22 up to 6 hours post exposure  ADDIN EN.CITE 23 or even longer and it may be associated with oxidative damage and reactive oxygen species production in endothelial cells. ADDIN EN.CITE 24, 25The adverse impact of diesel exhaust exposure is also constant even in healthy recreational active subjects under high intensity cycling or at rest. ADDIN EN.CITE 26  We have now confirmed that endothelial dysfunction following short term exposure to diesel exhaust fumes can be extended for at least 24 hours even when subjects are exposed to levels of PM2.5 and CO at the upper limit accepted by the European Commission.27 In addition based on the basal brachial arterial diameter we documented a vasoconstrictive effect of diesel exhaust fumes accompany impairment of endothelial function which may imply the induction of vasoconstrictors by diesel. ADDIN EN.CITE 22  
Systemic and local inflammation are known to impair endothelial function and promote atherosclerosis. ADDIN EN.CITE 14, 28 CRP is a marker of systemic inflammation its concentration raised in our study following Diesel fume exposure for at least 24 hours following acute exposure. ADDIN EN.CITE 29 The observed raise in CRP levels, especially 24 hours, following exposure to diesel exhaust fumes may explain at least in part the mechanism whereby Diesel pollution leads to endothelial dysfunction and potentially to cardiovascular events.
Of interest, the impact of diesel emission in our study was more pronounced in active smokers than in non-smokers, especially in what concerns the effects on the inflammatory status of the participants, suggesting an additional effect of the pollutant over and above that of cigarette smoking. 
Another consequence of diesel exhaust fumes pollution in our study was increased arterial tone with corresponding arterial stiffness and amplified reflected waves. Increased carotid femoral PWV has been shown to have a negative impact on ventriculoarterial coupling, left ventricle afterload, and may also cause structural vascular damage.30 Along these lines, increased wave reflections produced by peripheral arteries elevate central systolic blood pressure with potentially harmful effects on the heart, kidney, brain and aorta. ADDIN EN.CITE 31 It is obviously difficult to postulate that the observed vascular dysfunction in our proof of concept study are related to structural changes of the arterial tree following such a short-term exposure to diesel exhaust fumes. However, alterations in endothelial cell substrate, microvascular function and inflammation can affect arterial responses to pulsatile flow and may explain the observed changes in arterial stiffness. Nevertheless, the impact of diesel exhaust fumes on HRV is controversial. Although there are reports that heart rate or SDNN does not change after exposure to diesel emissions, ADDIN EN.CITE 32 there are also evidence that exposure, especially to PM2.5, may impaired SDNN33 which may be prolong up to 24 hours as we documented.
Diesel exhaust exposure has been associated with the development of acute coronary syndromes ADDIN EN.CITE 34 and impaired fibrinolysis has been proposed as a potential mechanism. ADDIN EN.CITE 23 In our study we observed a significant increase in fibrinogen levels and an attenuation of protein C plasma levels and protein S activity, which could explain the incidence of acute coronary syndromes in inhabitants of urban cities, as reported by different authors. ADDIN EN.CITE 35 
Concentrations of Diesel exhaust fumes and particulate matter: Acute and long-term impact on cardiovascular risk
Safety precautions to minimize the effects of traffic pollution have been implemented in most large European cities. As stated by Querol et al.,36 in seven European countries the levels of PM2.5 varied from 8 to 20 μg m-3 at regional background sites, 20 to 30 μg m-3 at urban background and 25 to 40 μg m-3 at large highways. However, in heavy traffic conditions, in road tunnels and enclosed garages concentrations of fine particulate matters can reach 300 μg m-3. ADDIN EN.CITE 37 The research model that we have applied in our study, with average personal exposure to PM2.5 up to 25 μg m-3 (supplementary Figure 2), may be highly relevant to conditions that can be observed in everyday city life regarding diesel pollution. 
Although the current medical literature describes the adverse impact of air pollutants on cardiovascular health, ADDIN EN.CITE 9, 37, 38 it remains yet to be understood whether cardiovascular events related to pollution are induced by an acute effect on physiologic vascular protective mechanisms, by repeated short exposure or by prolonged exposure to repeat cycles of harmful particles. Our data shows that cardiovascular function abnormalities, derangement of the fibrinolytic system and systemic inflammation all develop following a short exposure to increased levels of air-pollutants and persist for at least 24 hours even when subjects are exposed to levels of PM2.5 and CO accepted by the European Commission.27 Importantly, and beyond the current literature we documented that the impact of diesel exhaust fumes does not affect only specific steps in the cascade of atherosclerosis but also has a wide impact impairing most of the known pathophysiologic backgrounds of atherosclerosis  namely inflammation, thrombosis, fibrinolysis, heart rate variability, endothelial cell functionality and arterial stiffness which coincide with endothelial dysfunction over time. Therefore, our study may add mechanistic insights regarding the cardiovascular effects of acute exposure to air pollutants and its potential role in the progression of atherosclerosis and clinical events. Further work is necessary to establish the exact duration of the effects after single exposure and whether these can trigger prolonged cardiovascular abnormalities. These goals were beyond the remit of our proof of concept study.
Conclusion
Our study has shown that even short-term exposure to diesel exhaust fumes may have a prolonged adverse impact on endothelial function and vascular wall properties, along with an impairment in heart rate variability, increased CRP, fibrinogen and protein C levels as well as protein S activity. These findings highlight the multiple mechanisms affected in parallel by diesel emissions and may have potential clinical and epidemiological implications and give further insight into the multiplicity of mechanisms underlining the increased cardiovascular risk of subjects regularly exposed to diesel exhaust fumes. 
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Figure 1 legend: Over time changes of studied hemodynamic parameters during exposure to diesel exhaust fumes and to filtered air. Exposure to diesel exhaust fumes deteriorated flow mediated dilation, pulse wave velocity and augmentation index.
Panel A: Graph show variation of flow mediated dilation over time 
Panel B: Graph show variation of endothelial independent dilation over time
Panel C: Graph show variation of pulse wave velocity over time
Panel D: Graph show variation of augmentation index over time
Panel E: Graph show variation of systolic blood pressure over time
Panel F: Graph show variation of diastolic blood pressure over time





Figure 2 legend: Over time changes of markers associated with sympathetic activity, inflammation and thrombosis-fibrinolysis system.
Exposure to diesel exhaust fumes impaired heart rate variability, inflammatory status and thrombosis/fibrinolysis system.
Panel A: Graph show variation of heart rate variability over time 
Panel B: Graph show variation of C reactive protein over time
Panel C: Graph show variation of Fibrinogen over time
Panel D: Graph show variation of protein C levels over time
Panel E: Graph show variation of protein S activity over time

T0: baseline measurement; T2 measurement at the end of the 2 hours exposure; T24 measurement 24 hours after the end of exposure. 
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